The emergence of multidrug-resistant gram-negative bacteria and the lack of new antibiotics to combat them have led to the revival of polymyxins, an old class of cationic, cyclic polypeptide antibiotics. Polymyxin B and polymyxin E (colistin) are the 2 polymyxins used in clinical practice. Most of the reintroduction of polymyxins during the last few years is related to colistin. The polymyxins are active against selected gram-negative bacteria, including Acinetobacter species, Pseudomonas aeruginosa, Klebsiella species, and Enterobacter species. These drugs have been used extensively worldwide for decades for local use. However, parenteral use of these drugs was abandoned ∼20 years ago in most countries, except for treatment of patients with cystic fibrosis, because of reports of common and serious nephrotoxicity and neurotoxicity. Recent studies of patients who received intravenous polymyxins for the treatment of serious P. aeruginosa and Acinetobacter baumannii infections of various types, including pneumonia, bacteremia, and urinary tract infections, have led to the conclusion that these antibiotics have acceptable effectiveness and considerably less toxicity than was reported in old studies.
Polymyxins, a group of polypeptide antibiotics that consists of 5 chemically different compounds (polymyxins A-E), were discovered in 1947 [1] . Only polymyxin B and polymyxin E (colistin) have been used in clinical practice. Polymyxins have been used extensively worldwide in topical otic and ophthalmic solutions for decades [2, 3] .
Colistin was discovered in 1949 and was nonribosomally synthesized by Bacillus polymyxa subspecies colistinus Koyama [4, 5] . Colistin was initially used therapeutically in Japan and in Europe during the 1950s and in the United States in the form of colistimethate sodium in 1959 [6] . However, the intravenous formulations of colistin and polymyxin B were gradually abandoned in most parts of the world in the early 1980s because of the reported high incidence of nephrotoxicity [7] [8] [9] . Subsequently, the intravenous use of colistin was mainly restricted during the past 2 decades for the treatment of lung infections due to multidrug-resistant (MDR), gram-negative bacteria in patients with cystic fibrosis [10] [11] [12] . However, the emergence of bacteria resistant to most classes of commercially available an-tibiotics and the shortage of new antimicrobial agents with activity against gram-negative microorganisms have led to the reconsideration of polymyxins as a valuable therapeutic option. Summary data of colistin are presented in table 1.
CHEMISTRY/STRUCTURE
Colistin consists of a cationic cyclic decapeptide linked to a fatty acid chain through an a-amide linkage (figure 1A) [13] . Its molecular weight is 1750 Da. The amino acid components in the molecule of colistin are d-leucine, l-threonine, and la-g-diaminobutyric acid. The latter is linked to the fatty acid residue, which has been identified as 6-methyl-octan-oic acid (colistin A) or 6-methyl-eptanoic acid (colistin B) [1] . Different pharmaceutical preparations of colistin may contain different amounts of these 2 components (colistin A or B) [14, 15] .
Two forms of colistin are commercially available, colistin sulfate and colistimethate sodium (also called colistin methanesulfate, pentasodium colistimethanesulfate, and colistin sulfonyl methate). Colistimethate sodium is less potent and less toxic than colistin sulfate. It is produced by the reaction of colistin with formaldehyde and sodium bisulfite [16, 17] . The chemical structure of colistimethate sodium is shown in figure  1B . Colistin sulfate is administered orally (tablets or syrup) for bowel decontamination and topically as a powder for the treatment of bacterial skin infections. Colistimethate sodium is available in parenteral formulations and can be administered intravenously, intramuscularly, or by nebulization. The term "colistin" for parenteral administration throughout this review refers to the formulation of colistimethate sodium.
MECHANISM OF ACTION AND RESISTANCE
The target of antimicrobial activity of colistin is the bacterial cell membrane. The initial association of colistin with the bacterial membrane occurs through electrostatic interactions between the cationic polypeptide (colistin) and anionic lipopolysaccharide (LPS) molecules in the outer membrane of the gram-negative bacteria, leading to derangement of the cell membrane. Colistin displaces magnesium (Mg +2 ) and calcium (Ca +2 ), which normally stabilize the LPS molecules, from the negatively charged LPS, leading to a local disturbance of the outer membrane. The result of this process causes an increase in the permeability of the cell envelope, leakage of cell contents, and, subsequently, cell death [18] [19] [20] . With electron microscopic examination, numerous projections appear on the cell wall of gram-negative bacteria exposed to colistin. Figure 2 shows the bacterial cytoplasmic membrane to be partially damaged and part of the cytoplasmic material released in fibrous forms through cracks [21] .
In addition to the direct antibacterial activity, colistin has also potent anti-endotoxin activity. The endotoxin of gramnegative bacteria is the lipid A portion of LPS molecules, and colistin binds and neutralizes LPS. The significance of this mechanism for in vivo antimicrobial action, namely prevention of the endotoxin's ability to induce shock through the release of cytokines, is not clear, because plasma endotoxin is immediately bound by LPS-binding protein, and the complex is quickly bound to cell-surface CD14 [22] .
Gram-negative bacteria can develop resistance to colistin through mutation or adaptation mechanisms. Mutation is inherited, low-level, and independent of the continuous presence of the antibiotic, whereas adaptation is the opposite. Almost complete cross-resistance exists between colistin and polymyxin B [23] [24] [25] . Studies of polymyxin-resistant Pseudomonas aeruginosa strains have suggested that alterations of the outer membrane of the bacterial cell (reduction in LPS, reduced levels of specific outer membrane proteins, reduction in cell envelope Mg +2 and Ca +2 contents, and lipid alterations) are related to the development of resistance [23, 26, 27] . In addition, a recent study in Yersinia species demonstrated that an efflux pump/ potassium system may be associated with resistance to polymyxin B [28] . Although enzymatic resistance of bacteria to colistin has not been reported, it is interesting that Bacillus polymyxa subspecies colistinus produces colistinase that inactivates colistin [29] .
PHARMACOKINETIC/PHARMACODYNAMIC PROPERTIES OF COLISTIN
Data about the pharmacokinetic and pharmacodynamic properties of colistin were reported in old studies that mainly used microbiological methods for the measurements of the concentrations of the drug and its derivatives [30] [31] [32] . These methods lack the ability to differentiate colistimethate sodium from colistin [33] . In addition, a considerable proportion of pharmacokinetic and pharmacodynamic studies of patients with cystic fibrosis were done [6, 34, 35] . Also, preparations of colistin by various manufacturers or even in different lots of the same manufacturer may contain different proportions of colistin A and B [34, 36] .
Colistin sulfate and colistimethate sodium are not absorbed by the gastrointestinal tract with oral administration. In aqueous solutions, colistimethate sodium is hydrolyzed and forms a complex mixture of partially sulfomethylated derivatives and colistin [37] . Under different conditions of temperature and time, different proportions of colistimethate sodium are hydrolyzed to colistin. In a recent in vitro study, 31.2% of colistimethate sodium in human plasma was hydrolyzed to colistin in 4 h at 37ЊC [38] . Solutions of colistin salts are relatively stable at a pH of 2-6, but they become unstable at a pH of 16 . The primary route of excretion is through glomerular filtration [35, 39] . Approximately 60% of colistimethate sodium is excreted as unchanged drug in the urine during the first 24 h after dosing. No biliary excretion has been reported in humans. In a study of 12 patients with cystic fibrosis who received intravenous colistimethate sodium at 160 mg (2 million IU) every 8 h (for patients with body weights of 150 kg) or 80 mg (1 million IU) every 8 h (for patients with body weights of !50 kg), the mean (‫ע‬SD) half-life of colistimethate sodium was min, and the mean half-life of colistin sulfate was 124 ‫ע‬ 52 min. Mean (‫ע‬SD) total body clearance and mean 251 ‫ע‬ 79 (‫ע‬SD) volume of distribution of colistimethate sodium were mL/min/kg and mL/kg, respectively [35] . 2.0 ‫ע‬ 0.5 340 ‫ע‬ 95 Old experimental studies have shown that colistin is tightly bound to membrane lipids of cells of many body tissues, including liver, lung, kidney, brain, heart, and muscles [40] . Release of tissue-bound drug is very slow and is not completed even at 5 days after the last administered dose. Sulfomethylation of colistin appears to decrease not only antibacterial activity mm. Bar p 0.1 but also membrane binding [41] . Approximately 55% of colistin was found to be bound with plasma proteins of rats, dogs, and calves in experimental studies following intravenous administration of colistin [42] [43] [44] . Both colistin sulfate and colistimethate sodium exhibit their bactericidal activity in a concentration-dependent manner [34] . Old reports have suggested that colistin is poorly distributed to the pleural cavity, lung parenchyma, bones, and CSF. However, in a recently published case of meningitis due to MDR Acinetobacter baumannii, the intravenous administration of 1 million IU of colistin every 6 h resulted in sufficient CSF penetration to cure the infection (the concentration of colistin in the CSF was 25% of the serum concentration) [45] .
SPECTRUM OF ACTIVITY
Colistin has excellent bactericidal activity against most gramnegative aerobic bacilli, including Acinetobacter species, P. aeruginosa, Klebsiella species, Enterobacter species, Escherichia coli, Salmonella species, Shigella species, Citrobacter species, Yersinia pseudotuberculosis, Morganella morganii, and Haemophilus influenzae. Colistin has also been shown to possess a considerable in vitro activity against Stenotrophomonas maltophilia strains (83%-88% of the tested isolates were susceptible to colistin in 2 recent studies) [46] [47] [48] . Colistin has also been reported to be potentially active against several mycobacterial species, including Mycobacterium xenopi, Mycobacterium intracellulare, Mycobacterium tuberculosis, Mycobacterium fortuitum, Mycobacterium phlei, and Mycobacterium smegmatis [49] [50] [51] .
However, Pseudomonas mallei, Burkholderia cepacia, Proteus species, Providencia species, Serratia species, Edwardsiella species, and Brucella species are all resistant to colistin. In addition, colistin is not active against gram-negative and gram-positive aerobic cocci, gram-positive aerobic bacilli, all anaerobes, fungi, and parasites [1, 36] .
IN VITRO SUSCEPTIBILITY TESTING
Guidelines from the NCCLS about the in vitro determination of MICs of colistin for different microorganisms, by means of broth dilution and agar dilution techniques, were established in 1970. However, because of the rare use of intravenous colistin in most countries, including the United States, the NCCLS guidelines were not modified after 1981 and were withdrawn in 2000. The increased use of polymyxins during the last few years will probably lead to the reevaluation of the susceptibility break points.
A common method for susceptibility testing of colistin has been the disk diffusion method that uses a 10-mg colistin sulfate disk (Oxoid). Isolates are considered susceptible if the zone of inhibition is у11 mm. It is important to emphasize again that in clinical practice it is colistimethate sodium, not colistin sulfate, that is widely used for intravenous administration. Two recent studies reported general agreement in the results obtained from agar dilution and broth microdilution methods regarding testing of colistin sulfate [46, 48] . However, it was suggested that results of the disk diffusion test should be confirmed with a dilution method, because the disk diffusion method used in their study revealed falsely susceptible microorganisms [46] . The general MIC break point to identify bacteria susceptible to colistimethate sodium is р4 mg/L. Bacteria for which the colistimethate sodium MIC is 18 mg/L should be considered resistant [52] . The content of magnesium and calcium in media should probably be taken into account when performing in vitro susceptibility testing.
CLINICAL USE AND INDICATIONS
Intravenous colistin should be considered for the treatment of infections caused by gram-negative bacteria resistant to other available antimicrobial agents, confirmed by appropriate in vitro susceptibility testing. In addition, colistin appears to be a viable option for treating patients with infections due to gramnegative bacteria that are susceptible in vitro to other antimicrobial agents, when the treatment with these agents has been clinically ineffective.
Apart from the intravenous route, colistin has been administered by 2 other parenteral routes (aerosolized and intraventricular) [53, 54] . There is extensive experience with the use of aerosolized colistin in treating patients with cystic fibrosis. Concerns about rapid development of P. aeruginosa strains resistant to colistin or the emergence of lung infections due to microorganisms with inherited resistance to colistin have not been confirmed after 110 years of published experience among patients with cystic fibrosis. The rate of development of resistance to colistin was slower than that to tobramycin [55] . There are also scarce reports indicating that aerosolized colistin may be beneficial as adjunctive treatment of patients without cystic fibrosis who have nosocomial pneumonia [54, 56] .
DOSAGE AND ROUTE OF ADMINISTRATION
The dosage of intravenous colistin recommended by the manufacturers in the United States is 2.5-5 mg/kg (31,250-62,500 IU/kg) per day, divided into 2-4 equal doses (1 mg of colistin equals 12,500 IU). This dosage refers to adult patients with normal renal function [57] . The dosage recommended by the manufacturers in the United Kingdom is 4-6 mg/kg (50,000-75,000 IU/kg) per day, in 3 divided doses for adults and children with body weights of р60 kg and 80-160 mg (1-2 million IU) every 8 h for those with body weights of 160 kg [52] . However, we and others have treated patients with higher daily doses of colistin administered intravenously, up to 720 mg (9 million IU) per day (in 3 divided doses) [58, 59] . Although no systematic analyses have been reported regarding the effect of different dosage on effectiveness and toxicity outcomes, the proportion of patients who developed nephrotoxicity during colistin treatment was lower than reported in the past [8] . Modifications of the total daily dose are required in the presence of renal impairment (table 1), as guided by the manufacturers [57] . There are no available data about the need, if any, for dosage modification in patients with liver failure. In obese patients, dosage should be based on ideal body weight.
Besides the intermittent intravenous mode of administration, colistin can also be administered by continuous 24-h infusion [60] . In addition, colistin can be used intramuscularly at the same doses recommended for intravenous administration. However, intramuscular administration is not commonly used in clinical practice because of the severe pain caused at the injection site. During 1970, colistimethate sodium available for intramuscular use was provided in vials containing colistin base and a local anesthetic, dibucaine hydrochloride [8] . In addition, polymyxin B with a caine-type local anesthetic is a combination permitted by the US Food and Drug Administration (FDA) that can be administered intramuscularly, in ear drops, and in ointments.
When colistin is given by inhalation, the dosage recommended by the manufacturers in the United Kingdom is 40 mg (500, 000 IU) every 12 h for patients with body weights of р40 kg and 80 mg (1 million IU) every 12 h for patients with body weights of 140 kg. For recurrent pulmonary infections, the dosage of aerosolized colistin can be increased to 160 mg (2 million IU) every 8 h [61] . For spontaneously breathing patients, colistin can be administered as follows: 80 mg (1 million IU) of colistin is added to 4 mL of normal saline and swirled slowly to mix, and the solution is nebulized with 8 L/ min oxygen flow and inhaled via a face mask. For patients undergoing mechanical ventilation, aerosolized colistin can be delivered by means of most ventilators [54] . In addition, usually for patients with cystic fibrosis, inhaled colistin can be administered through jet or ultrasonic nebulizers [62, 63] .
There are few recent reports in the literature about the direct administration of colistin in CSF for the management of infections of the CNS due to MDR gram-negative bacteria (although not approved by the FDA). The dosage of colistin used in 2 cases for intrathecal administration ranged from 3.2 mg (40,000 IU) to 10 mg (125,000 IU) given once per day and in 2 cases for intraventricular administration ranged from 10 mg (125,000 IU) to 20 mg (250,000 IU) per day (divided into 2 doses). In these cases, no additional intravenous colistin was administered [64] [65] [66] . The dosage of colistin administered intraventricularly to a patient of ours was 1.6 mg (20,000 IU) once per day during the first episode and 3.2 mg (40,000 IU) once per day during the second episode of meningitis due to A. baumannii. He also received 80 mg (1 million IU) of colistin administered intravenously every 8 h [53] .
TOXICITY AND ADVERSE EFFECTS
The most common adverse effects of colistin therapy are nephrotoxicity and neurotoxicity. Renal toxicity mainly includes acute tubular necrosis manifested as decreased creatinine clearance and increased serum urea and creatinine levels. Neurological toxicity is associated with dizziness, weakness, facial and peripheral paresthesia, vertigo, visual disturbances, confusion, ataxia, and neuromuscular blockade, which can lead to respiratory failure or apnea. The incidence of colistin-associated neurotoxicity reported in earlier literature was ∼7%, with paresthesias constituting the main neurotoxic adverse event [8] . Recent studies of patients other than those with cystic fibrosis suggested that this incidence might be even lower [59, 67, 68] . However, the development of neurotoxic events related to colistin therapy appears to occur more frequently in patients with cystic fibrosis (29% of the patients treated with colistin experienced paresthesias, ataxia, or both) [6, 69] . Both renal and neurological toxicity are considered to be dose-dependent and usually reversible after early discontinuation of therapy with the drug. However, there are scarce published reports of irreversible nephrotoxicity after the cessation of colistin treatment [8] .
Miscellaneous other adverse reactions that have also been reported with the use of colistin include hypersensitivity reactions, skin rash, urticaria, generalized itching, fever, and mild gastrointestinal disorders. The incidence of allergic reactions due to colistin use has been reported as ∼2% [8] . Furthermore, the development of pseudomembranous colitis represents an additional, although rare, potential side effect of colistin treatment. Treatment with aerosolized colistin may further be complicated by bronchoconstriction and chest tightness. However, treatment with inhaled b 2 agonists before the initiation of treatment with aerosolized colistin could prevent the development of bronchoconstriction [11] . Intraventricular administration of colistin, especially in high doses, may lead to convulsions.
Early experience with colistin revealed a high incidence of toxicity, mainly nephrotoxicity [9, 70, 71] . In a trial published in 1970 studying the safety of colistin during 317 episodes of infections, the incidence of nephrotoxicity was 20.2% [8] . Several other studies reporting high incidences of renal failure after the administration of colistin were published in ensuing years [70, 71] . The majority of these renal episodes were reversible.
However, recent data indicate that colistin-related toxicity, mainly nephrotoxicity, may be less prominent than previously thought [59, 72] . Notably, in 2 studies conducted exclusively among patients in intensive care units who received 3 million IU of colistin administered intravenously every 8 h, the incidences of nephrotoxicity were 18.6% and 14.3%, respectively [58, 59] . Only 8% of our patients from the intensive care unit setting, as well as from medical-surgical wards of the hospital, who received an average of 4.5 million IU of colistin administered intravenously for a mean duration of 21.3 days, developed nephrotoxicity [73] . Another recent study of patients with cystic fibrosis showed that renal dysfunction was potentiated by the coadministration of colistin and aminoglycosides; however, colistin on its own or in combination with other antibiotics did not appear to be highly nephrotoxic [74] . Of note, renal failure among patients treated with imipenem for ventilator-associated pneumonia due to A. baumannii was 2 times higher than among patients treated with colistin [67] .
Possible explanations for the observed differences between the old and recent reports regarding renal toxicity might include the improvement in supportive treatment offered to critically ill patients, the close monitoring of renal function and of factors that affect it when colistin is administered, and the avoidance of coadministration of other agents with known nephrotoxicity. In addition, different formulations of colistin, containing a proportion of colistin sulfate that is more toxic than the recommended form of colistin for intravenous use (colistimethate sodium), might have been used in old studies.
COADMINISTRATION WITH OTHER ANTIBIOTICS
There are few experimental and clinical studies in the literature regarding synergistic activity of colistin with other antimicrobial agents against MDR gram-negative bacteria. One clinical trial of the effectiveness of colistin in 53 patients with cystic fibrosis with exacerbations of chronic pulmonary infections due to MDR P. aeruginosa showed that combination of colistin with an antipseudomonal agent (azlocillin, piperacillin, aztreonam, ceftazidime, imipenem, or ciprofloxacin) was more effective than colistin monotherapy [10] .
Synergistic activity of colistin with ceftazidime was also noted in an in vitro study of 2 MDR P. aeruginosa strains [75] . The combination of colistin, rifampin, and amikacin was synergistic in vitro and led to treatment success in an immunosuppressed patient with multiple abscesses of the lungs, perineum, and gluteus due to MDR P. aeruginosa [76] . Moreover, the rifampin/ colistin combination had synergistic bactericidal activity against MDR P. aeruginosa strains in 4 patients [77] . With regard to MDR S. maltophilia strains, in vitro synergy of colistin with rifampin and, to a lesser extent, of colistin with trimethoprimsulfamethoxazole was documented in a recent study [78] .
OTHER POLYMYXINS
Besides polymyxin E (colistin), only polymyxin B has been used in clinical practice in several countries. The main difference between the molecules of colistin and polymyxin B is that the latter contains phenylalanine. Polymyxin B has the same mechanism of action and resistance as does colistin. Colistin sulfate has greater activity than polymyxin B against P. aeruginosa, Salmonella species, and Shigella species [79] . Polymyxin B is available in parenteral formulations and can be administered intravenously, intramuscularly, or intrathecally. In addition, polymyxin B has been extensively used topically in otic and ophthalmic solutions. It has the same clinical indications as and a pattern of adverse effects similar to those of colistin. Most of the renewed use of intravenous polymyxins during the last years in several countries has been associated with colistin. This may be explained by the fact that polymyxin B was reported to be associated with more common and severe toxicity than was colistin [6, 12, 80, 81] .
FUTURE RESEARCH
Colistin was developed in an era when randomized controlled trials and pharmacokinetic and pharmacodynamic properties of antimicrobial agents were not fully established. Thus, con-siderable additional basic and clinical research is needed on several issues, including the following:
• Additional research on the development of improved colistin formulations.
• Studies to define the optimum dosing strategies, including total daily dose, mode of administration, and dosing intervals.
• Clinical trials to evaluate colistin-related toxicity.
• Studies to elucidate the mechanisms of development of resistance to colistin.
• Randomized, controlled trials to assess the effectiveness and safety of nebulized colistin for the treatment of nosocomial pneumonia due to MDR gram-negative bacteria.
• Randomized controlled trials to evaluate the potential risks and benefits of coadministration of colistin with other antimicrobial agents.
CONCLUSIONS
In conclusion, intravenous polymyxin therapy has been reintroduced in clinical practice for treatment of infections due to MDR gram-negative bacteria. When colistin is used, we suggest the dosage of 160 mg (2 million IU) ever 8 h (or 240 mg [3 million IU] every 8 h for life-threatening infections). The duration of treatment depends on the type of infection and may be 14 days in cases of pneumonia and/or bacteremia. Clinicians should be alert for the possibility of development of colistinrelated adverse reactions, mainly nephrotoxicity and neurotoxicity. Subsequently, we suggest monitoring of renal function by measuring serum creatinine levels every 2 days until more data on the value of other tests for patient monitoring become available.
